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In contrast to simple ﬂuorinated alkoxides, the coordination chemistry of multidentate ligands that
incorporate OC(CF3)2CR2-type moieties and additional donors (N, O, etc.) has been brieﬂy
investigated. In this Perspective, we review some well-deﬁned, unambiguously authenticated main
group and transition metal complexes supported by multidentate ﬂuorinated alkoxide ligands and we
present aspects of their syntheses, structures, and reactivities. The ﬁrst part is devoted to the ﬁrst
syntheses of ﬂuorinated alkoxy-imino and ﬂuorinated alkoxy-amino ligand platforms and their
application in the preparation of late transition (Ru, Co, Ir, Ni, Pd, Cu) and main group (Sr, Ba, Ga)
metal complexes, many of which have been used as chemical vapor deposition (CVD) source reagents.
In the second part, heteroleptic complexes based on oxophilic metals (Y, La, Ti, Zr, Hf, Al) and the
catalytic performance of these systems in oleﬁn polymerization and ring-opening polymerization (ROP)
of cyclic esters are highlighted.
1. Introduction and background
Alkoxides and aryloxides (phenolates) have held a key place in
the coordination chemistry of early transition metals and related
oxophilic main group elements for several decades.1 Recent works,
in particular those focused on the search for MOCVD precursors
and new-generation polymerization catalysts, have conﬁrmed this
situation. The latter situation can be accounted for by several
obvious reasons. First, alkoxides are hard, electronegative p-donor
ligands, which offer strong metal–oxygen bonds that are expected
to stabilize complexes of a variety of electropositive metals. Also,
considerable variation in steric and electronic properties is possible
thanks to the great variety of these ligands conveniently obtained
from alcohols. Finally, one can also highlight that a range of
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well-known synthetic strategies can be efﬁciently used, which
include notably regular metathetical protocols from readily pre-
pared alkali metal alkoxide salts and direct “s-bond” metathesis
taking proﬁt of the acidity of the alcohol pro-ligands. However,
when compared to the nowadays ubiquitous aryloxide ligands,
the synthetic chemistry of oxophilic metal complexes based on
simple alkoxides often proved to be much more complicated.1
This is largely due to the high tendency of the relatively more
basic alkoxide ligands to act as bridging ligands, eventually
resulting in (highly) aggregated structures and complex mixtures
of compounds. This is especially true when large metal centers are
involved.
The use of highly stable ﬂuorinated tertiary alkoxide ligands
affords an efﬁcient strategy to overcome these difﬁculties.1a,2
The presence of strongly electron-withdrawing CF3 groups (or
perﬂuorinated alkyl chains) a to the alkoxide generates intra-
and inter-molecular repulsions, as well as a less basic alkoxide
O atom. Those ligands are far less p donating than conventional
alkoxides and, as a result, a much lower bridging tendency
is observed, which usually leads to the selective formation of
mononuclear complexes, just like phenolate ligands often do. Such
a strategy has been known for years and extensively used in the
chemical vapor deposition (CVD) research ﬁeld to prepare volatile
materials precursors.1,2,3 Most of the ﬂuorinated alcohols used for
this purpose are structurally quite simple (e.g., Me2(CF3)COH,
Me(CF3)2COH, Ph(CF3)2COH, (CF3)3COH). As described in
more detail below, recent developments in the MOCVD ﬁeld
are based on more sophisticated ligand platforms that include
additional donors such as N atoms.
On the other hand, the electron-withdrawing ﬂuorinated alkox-
ide residue is expected to increase the electrophilicity/Lewis acid-
ity of the metal center, possibly conferring valuable performances
for a variety of catalytic processes. However, surprisingly enough,
the organometallic catalysis community has marginally exploited
the rich playground of ﬂuorinated alkoxide ligands to develop so-
called “single-site” metal catalysts. Among the very few examples
This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 37–48 | 37
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we noted by the end of the 1990s, the ﬁrst relevant one was
reported by Schrock et al.4 Molybdenum and tungsten imido
alkylidene complexes of the typeM(CHtBu)(NAr)(OR) (M=Mo,
W; OR = OCMe(CF3)2, OCMe2(CF3), OC(CF3)2(CF2CF2CF3))
(I) were prepared and their activity for themetathesis of oleﬁnswas
shown to roughly correlate with the electron-withdrawing ability
of OR (Scheme 1). For instance,Mo(CHtBu)(NAr)[OCMe2(CF3)]
promotes the metathesis of cis-2-pentene in toluene at 25 ◦C
at a rate of ca. 5 turnovers per hour, that is ca. 103 times
slower than that of Mo(CH-tBu)(NAr)[OCMe(CF3)2], while the
activity was slow to negligible when OR = OtBu. Following
the same line, Grubbs et al. later prepared molybdenum and
tungsten alkylidene complexes supported by a chiral chelating
dialkoxide ligand derived from (1R,2R)-1,2-bis(2-hydroxy-2,2-
bis(triﬂuoromethyl)ethyl)cyclopentane (Scheme 1).5 Simple meta-
thetical protocols from the corresponding lithium dialkoxide
salt gave selectively discrete mononuclear imido, oxo and amido
complexes (II) in high yields. These groupVI alkylidene complexes
show excellent catalytic activity in both ring-opening metathesis
polymerization (ROMP) and in ring-closing metathesis (RCM)
processes. In particular, by using themolybdenum complex IIa as a
catalyst, asymmetric ring-closing metathesis of racemic dienes via
kinetic resolution was accomplished for the ﬁrst time (Scheme 1).
Scheme 1 Fluorinated dialkoxy-molybdenum and -tungsten alkylidene
complexes and application in asymmetric ring-closing metathesis of
racemic dienes.4,5
Another relevant example was reported by Jordan et al.
who developed group 4 metal complexes with non-, mono-
or bis-ﬂuorinated alkoxide-pyridine ligands (Scheme 2).6 De-
tailed studies established that neutral dibenzyl complexes
{pyCR1R2O}2Zr(CH2Ph)2 (R
1, R2 = CF3, CH3 or H) (III) adopt
distorted octahedral structures with a trans-O, cis-N, cis-benzyl
Scheme 2 Fluorinated alkoxy-pyridine zirconium complexes for oleﬁn
polymerization.6
ligand arrangement. These complexes have idealized C2 symmetry
and are, thus, chiral; however, inversion of conﬁguration at the
metal is rapid at room temperature in solution [this phenomenon
proved to have a signiﬁcant impact on stereoselectivity of poly-
merizations; vide infra]. Upon reaction with molecular activators
such as B(C6F5)3 and [HNMe2Ph][B(C6F5)4], not strongly paired
ionic complexes are produced, which polymerize ethylene and
1-hexene to low molecular weight polymers. Interestingly, the
mono-triﬂuoromethyl system [{pyCH(CF3)O}2-Zr] (IIIb) proved
to be much more active for ethylene polymerization than the
bis-ﬂuorinated system [{pyC(CF3)2O}2-Zr] (IIIa), while the non-
ﬂuorinated system [{pyC(CH3)2O}2-Zr] was inactive. On the basis
of the observed activity order, it was suggested that these systems
may be insufﬁciently electrophilic to efﬁciently bind and activate
oleﬁns for insertion.6
In this Perspective, which is not meant to be comprehensive,
we review some well-deﬁned, unambiguously authenticated main
group and transition metal complexes supported by multidentate
ﬂuorinated alkoxide ligands and we present aspects of their
syntheses, structures, and reactivities.† In the ﬁrst part, we
brieﬂy review the ﬁrst syntheses of ﬂuorinated alkoxy-imino and
ﬂuorinated alkoxy-amino ligand platforms and their application in
the preparation of late transition andmain groupmetal complexes
used as CVD source reagents. In the second part, a particular
highlight is given to the preparation and performances of systems
we have designed and that have been used in catalytic applications,
notably in oleﬁn polymerization and ring-opening polymerization
(ROP) of cyclic esters.
2. Discussion
2.1. Template syntheses of fluorinated (di)alkoxy-(di)imino
complexes
Fluorinated dialkoxy-diimino ligands of the type {OC(CF3)2-
C ◊ ◊ ◊C=N ◊ ◊ ◊N=C ◊ ◊ ◊C(CF3)2O}
2- were ﬁrst prepared in the
coordination sphere of metal ions (Cu2+, Ni2+, Co2+, Ce3+/4+),
by the template condensation of primary diamines with the
ﬂuorinated b-ketol MeC(=O)CH2C(CF3)2OH (Scheme 3).
7 This
procedure was subsequently extended to primary monoamines
RCH2NH2, some incorporating an extra potential donor
† This article refers only to C sp3-hybridized ﬂuorinated alkoxy ligand
systems; i.e. containingOC(CF3)2CR2-typemoieties. Systems derived from
ﬂuorinated ketoimine ligands,HOC(CF3)=CHCR=NR, are not included.
38 | Dalton Trans., 2010, 39, 37–48 This journal is © The Royal Society of Chemistry 2010
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Scheme 3 Template synthesis of ﬂuorinated dialkoxy-diimino complexes.
(R = NMe2, 2-pyridyl, CH2OCH3), to prepare four- to six-
coordinated homoleptic complexes ofNi2+ (Scheme 4).8 A series of
stable, neutral, ﬂuorinated (di)alkoxy-(di)imino metal complexes
was thus obtained in good yields. In the case of cerium, the
initial reaction mixture contained Ce(III) (as the Ce(NO3)3·6H2O),
and the reaction involved both the template condensation [at an
eight-coordinate center] and the oxidation of Ce(III) to Ce(IV);
the order of these steps remains, however, uncertain.7b Such
reactions with short-chain (n = 2, 3) diamines typically proceeded
in a selective manner, to afford mononuclear species that were
identiﬁed by spectroscopic techniques and single-crystal X-ray
diffraction studies for some of them.
Scheme 4 Template synthesis of ﬂuorinated alkoxy-imino complexes.
Less selective reactions were observedwhen longer-chain (n= 4,
5, 6, 8, or 12) diamines were used in these template condensations.9
All such compounds sublimed apparently unchanged in vacuo, and
mass spectra showed strongparent ionpeaks at themolecularmass
values expected formononuclear structures. However, osmometric
determination of solution molecular weights gave variable results.
On the basis of these data, the copper complexes were initially
proposed to have exclusively a mononuclear structure in solution,
with a trans arrangement of the ligands which is possible without
excessive strain at a minimum value of n = 5 (Scheme 5); however,
their actual structures remained unclear and the possible existence
of aggregates could not be ruled out. In fact, laterX-ray diffraction
studies showed that some of these compounds adopt a trans
dinuclear structure in the solid state (Scheme 6).10 Similarly,
Scheme 5
molar mass determinations (in acetonitrile solution) on the nickel
complexes showed a change frommononuclear to dinuclear aggre-
gation at n ≥ 4.9 Apparent association was noticed in chloroform
and, more noticeably, in benzene, where concentration-dependent
molecular weights up to that of a tetramer were found. Deﬁnitive
evidence for the formation of aggregated species was given by the
determination of the solid-state structure of a dinuclear nickel
compound prepared from a a,w-diamine (n = 6) (Scheme 6). On
the basis of the similar behavior (toward added bases such as
pyridine) in solution of nickel complexes with n = 5, 6, 8, or 12,
it was suggested that they all have the trans dinuclear structure of
the n = 6 complex. However, a different arrangement, tentatively
assigned to a cis dinuclear geometry (Scheme 6), was proposed
for the n = 4 nickel complex which is clearly different in that,
although dinuclear from its molecular weight, it solvates rapidly.
In all those series of compounds, the existence of an equilibrium
betweenmononuclear anddinuclear formswas strongly suspected.
The above template methodology has been applied to the
condensation of b-ketol MeC(=O)CH2C(CF3)2OH with amino-
alcohols NH2(CH2)nOH (n= 2–6)
11 or chiral b-substituted amino-
ethanols NH2CHRCH2OH
12 in the presence of Cu2+. Neutral
alkoxy-imino complexes with a 1 : 1 metal : ligand ratio for n= 2–4
and a 1 : 2 metal : ligand ratio for n = 5 or 6 were obtained. Mass
spectral measurements and X-ray diffraction studies showed that
these compounds are associated into tetranuclear units for n = 2,
dinuclear units for n = 3 or 4, and mononuclear units for n = 5
or 6 (Scheme 7). The structural data collected in those studies
were used to explain diamagnetic interactions in dinuclear Cu(II)
complexes [Cu ◊ ◊ ◊Cu distances: 2.995–3.014 A˚], and supported
the idea that trigonality about the bridging oxygen is important in
these interactions.
Mononuclear and dinuclear complexes supported by, respec-
tively, bidentate and tridentate ﬂuorinated alkoxy-imino ligands
were reduced with LiAlH4 to the corresponding ﬂuorinated
alkoxy-amino compounds (Scheme 8).13 When a chiral (racemic)
amino-alcohol was used in the template synthesis, the reduction
proceeded diastereoselectively, leading to (R,R:R,R) and (S,S:S,S)
conﬁgured complexes.
Scheme 6
This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 37–48 | 39
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Scheme 7
2.2. Late transition and main group metal complexes based on
imino- and amino- fluorinated alkoxides for MOCVD
The group of Chi, in collaboration with that of Carthy, thoroughly
investigated the use of ﬂuorinated alkoxy-imino and alkoxy-amino
ligands to design metal organic precursors for chemical vapor
deposition (MOCVD) of metal, metal oxide or ﬂuoride thin ﬁlms;
the latter materials are of high interest to the microelectronics and
optics industries. Families of such chelating anionic ligands were
selected in order to ensure formation of stable metal interaction,
while the two CF3 substituents are introduced to improve the
volatility of the ﬁnal metal complexes, making themmore suitable
for CVD investigations. Ultimately, ﬁne tuning of the molecular
structure of these complexes was intended to allow ﬁnding the best
CVD reagent in the series and permit an understanding of other
parameters that may inﬂuence the typical deposition processes.
In these studies, a series of CF3 disubstituted imino- and amino-
alcohol pro-ligands LOH (e.g. LO = OC(CF3)2CH2C(Me)=NR
with R = Me, nPr, nBu, CH2CH2OMe; OC(CF3)2CH2NRR¢
with R = H, R¢ = Me, tBu, R = R¢ = Me) was selected and
prepared according to the procedures documented in the literature
(vide infra).14,15 Then, the metal source complexes were typically
obtained by mixing the corresponding alkali metal salt of anionic
ligand, which was generated in situ from the reaction of the pro-
ligand with NaH or KOH, and an appropriate metal chloride
starting material (Li2[PdCl4], [Ir(COD)(m-Cl)]2, [Ru(COD)Cl2]x,
CuCl2), in THF solution at room temperature. Thus, a number of
complexes based on various metal centers (Pd,16 Ir,17 Ru,18 Cu19)
were efﬁciently prepared (Scheme 9). X-Ray diffraction studies
revealed in all cases monomeric compounds, with the anticipated
coordination according to the type of ligand framework. For
instance, the Cu(II) complex Cu{OC(CF3)2CH2C(Me)=NMe}2
shows the usualN2O2 square-planar geometrywith the ﬂuorinated
alkoxy-imino ligand arranged in the all-trans orientation. In
contrast, the complex Cu{OC(CF3)2CH2CHMeNHMe}2, which
bears a more ﬂexible and sterically congested ﬂuorinated alkoxy-
amino ligand, revealed a highly distorted N2O2 geometry with
a dihedral angle of 33◦. As expected, most of these compounds
sublimed intact at relatively low temperatures. In turn, they proved
to be valuable precursors for deposition of thin ﬁlmsmade of quite
pure Pd,16 Ir,17 Ru,18 and Cu19 metals with a low level of carbon
and oxygen impurities, as well as polycrystalline IrO2 thin ﬁlms,
or even patterned IrO2 nanowires.
17
Scheme 8
Scheme 9 Examples of late transition metal complexes supported by ﬂuorinated alkoxy-amino and alkoxy-imino ligands.
40 | Dalton Trans., 2010, 39, 37–48 This journal is © The Royal Society of Chemistry 2010
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Gallium derivatives Ga{OL}2Cl, where LO = OC(CF3)2-
CH2NMe2, OC(CF3)2CH2C(Me)=NMe, were similarly pre-
pared from GaCl3 and the corresponding ligand sodium salt
(Scheme 10).20 Single-crystal X-ray diffraction studies revealed
mononuclear compounds in a trigonal-bipyramidal (tbp) geom-
etry with chloride and alkoxy groups occupying the equatorial
sites and the nitrogen donors located at the axial positions.
Methane elimination reactions fromGaMe3 and one equivalent of
ﬂuorinated amino-alcohol LOH (LO=OC(CF3)2CH2NRR¢ with
R = H, R¢ = Me, tBu, R = R¢ = Me) proceeded in high yields
to afford the GaMe2{OL} complexes (Scheme 10). The crystal
structure of such compounds showed a distorted tetrahedral
framework, signiﬁcantly different from the aforementioned tbp
structure of Ga{OL}2Cl complexes. Rapid N–Ga bond scission,
followed by re-coordination with possible change of the absolute
conﬁguration, in these compounds was revealed by variable-
temperature 1H NMR studies. For material applications, deposi-
tion of Ga2O3 thin ﬁlms by the MOCVD process proved possible
using both types of complexes (Ga{OL}2Cl and GaMe2{OL}).
Interestingly, all as-deposited ﬁlms were ﬂuorine- and chlorine-
free [though they showed small amounts of carbon impurities],
similar to that observed in Ga2O3 thin ﬁlms deposited using the
Ga(hfac)3 precursor.
Scheme 10 Gallium complexes supported by ﬂuorinated alkoxy-amino
and alkoxy-imino ligands.
In addition, the alkaline-earth metal homoleptic ﬂuorinated
alkoxy-amino complexes Sr{OL}2 and Ba{OL}2 were prepared
by direct treatment of the corresponding pro-ligand LOH =
HOC(CF3)2CH2N(CH2CH2OMe)2, with Sr(OiPr)2 and BaH2,
respectively (Scheme 11).21 Single-crystal X-ray diffraction stud-
ies indicated that complex Sr{OL}2 possesses an 8-coordinate
distorted bicapped octahedral geometry with all O and N
atoms coordinated to the central Sr cation. However, complex
Ba{OL}2 adopts a rare 10-coordinate bicapped square antipris-
matic structure, of which the coordination number is increased by
two ﬂuorine-to-barium dative interactions. Variable temperature
19F NMR studies showed the existence of dynamic processes that
Scheme 11 Homoleptic alkaline-earth metal complexes supported by
ﬂuorinated alkoxy-amino ligands.
were attributed to the intramolecular cis–trans isomerization or
the transformation between the 8-coordinate bicapped octahedral
and the 10-coordinate bicapped square antiprismatic geometries.
Preliminary investigations suggested that complexes Sr{OL}2 and
Ba{OL}2 are good CVD source reagents for depositing SrF2
and BaF2 thin ﬁlms, as these complexes were reasonably volatile.
Those compounds represent interesting alternatives to ﬂuorinated
b-diketonate complexes which are usually employed as the CVD
source reagents in this ﬁeld.
2.3. Fluorinated dialkoxy-diamino group 4 metal complexes for
olefin polymerization catalysis
Inspired by the aforementioned studies by Schrock,4 Grubbs5 and
Jordan6 with ﬂuorinated alkoxide ligands for group 6 and 4metals,
respectively, and in linewith our own contributions on simple, non-
ﬂuorinated multidentate dialkoxide ligands for group 4 metals,22
our involvement in this chemistry started with the design of
tetradentate ﬂuorinated dialkoxy-diamino ligands. Our aim was
to access ligand platforms able to support oxophilic trivalent
and tetravalent metal centers and kinetically stabilize heteroleptic
complexes having additional anionic ligands suitable for oleﬁn
polymerization (alkyl groups) or ring-opening polymerization of
lactones and lactides (alkoxide, amido groups). At the same time,
it was anticipated that the electron-withdrawing ability of the
bis(triﬂuoromethyl) groups a to the alkoxide residues shall render
the metal centers in those complexes more electrophilic, which in
turn may be proﬁtable for the above catalytic applications.
In collaboration with the group of Prof. Chi, we accordingly
prepared diamino-diol pro-ligands {ONRNO}H2 (R = –(CH2)2–;
–(CH2)3–; 1,2-cyclohexyl) by ring-opening of (CF3)2COCH2 (in
situ generated from hexaﬂuoroacetone and diazomethane) with
the corresponding secondary diamine (Scheme 12).23 Although
effective, this synthetic procedure is quite tedious and dangerous,
Scheme 12 Synthesis of ﬂuorinated diamino-diol pro-ligands.
This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 37–48 | 41
Pu
bl
ish
ed
 o
n 
17
 S
ep
te
m
be
r 2
00
9.
 D
ow
nl
oa
de
d 
by
 B
ib
lio
th
eq
ue
 d
e L
’U
ni
ve
rs
ite
 d
e R
en
ne
s I
 o
n 
12
/1
2/
20
13
 0
9:
39
:1
2.
 
View Article Online
Scheme 13 Preparation of group 4 metal complexes supported by ﬂuorinated dialkoxy-diamino ligands.
due to the high instability of the intermediate ﬂuorinated oxirane;
it must be repeated only with special care.
Thanks to their high acidity, those pro-ligands react read-
ily under mild conditions with different homoleptic group
4 metal precursors via alcohol, alkane or amine elimina-
tion reactions.23 For instance, reactions of the ethylene-bridged
{ONEtNO}H2 with Ti(OiPr)4 and Zr(CH2Ph)2 at -60–20
◦C
led to the corresponding titanium and zirconium complexes
{ONEtNO}Ti(OiPr)2 and {ON
EtNO}Zr(CH2Ph)2. The dichloroti-
tanium complex {ONEtNO}TiCl2 was prepared by the chloride
displacement reaction between TiCl4 and {ON
EtNO}H2 in the
presence of NEt3 (Scheme 13).
An interesting aspect of this study was the stereoselectivity
of coordination of [ONRNO]2- ligands onto group 4 metal
centers. X-Ray diffraction studies showed that the dichloro and
dibenzyl compounds derived from the ethylene-bridged ligand
adopt in the solid state a mononuclear, distorted octahedral
structure with trans-O, cis-N, cis-X ligands (X = Cl, CH2Ph).
In agreement with the solid-state structures, solution NMR data
for those compounds were all consistent with a C2-symmetric
structure. It is thus remarkable that, for the four group 4 metal
compounds {ONRNO}MX2 studied, only a single C2-symmetric
isomer (most probably a type-C structure, Scheme 14) is present
at room temperature, out of the eight possible isomers. Only for
{ONEtNO}Zr(CH2Ph)2, a mixture of two C2-symmetric isomers
(type A and C) was evidenced at low temperature. Since the donor
properties of the X ligands in this series of compounds vary
considerably from weak donor (X = Cl) to strong s donor amino
X groups, we proposed that these structural trends reﬂect essen-
tially the conformational preferences of the {ONRNO}2- ligand.
Basically the same observations were made for compounds
{ONCyNO}Zr(CH2Ph)2 and {ON
CyNO}Ti(OiPr)2 derived from
the trans-1,2-cyclohexylene-bridged ligand.23b The dibenzyl com-
plex {ONCyNO}Zr(CH2Ph)2 crystallizes as a 1 : 1 mixture of two
diastereomers (K and D), which both adopt a distorted octahedral
structure with trans-O, cis-N, and cis-CH2Ph ligands. In toluene
solution, the two diastereomers K and D show a C2-symmetric
structure as established by NMR spectroscopy.
Variable-temperature 1H and 19F NMR studies established
that {ONEtNO}Zr(CH2Ph)2 and {ON
CyNO}Zr(CH2Ph)2 undergo
inversion of metal conﬁguration (i.e. K/D isomerization, racem-
ization) on the NMR time scale at relatively high temperatures.
The energy barrier for racemization (DG‡ (racemization)) was
determined to be 17.0(1) kcal mol-1 in the former case, while
a lower limit of 19 kcal mol-1 was estimated in the latter case,
as coalescence of NMR resonances was not noticed up to
403 K. These values are signiﬁcantly larger than the racemization
energy barrier determined for Jordan’s related unbridged complex
{pyC(CF3)2O}2Zr(CH2Ph)2 (IIIa, Scheme 2) (DG
‡ (racemiza-
tion) = 8–9 kcal mol-1).6 The observed order is consistent with
the stereorigidity of the complexes, i.e. unbridged < ethylene-
bridged < 1,2-cyclohexylene-bridged ligand system. These values
were found to be of importance to rationalize the stereoselec-
tivity performance of these systems in 1-hexene polymerization
(Scheme 15).
As a matter of fact, the neutral dibenzyl complexes
{ONEtNO}Zr(CH2Ph)2 and {ON
CyNO}Zr(CH2Ph)2 (K/D mix-
ture), when activated with B(C6F5)3 or [Ph3C]
+[B(C6F5)4]
–, are
active catalysts for the polymerization of ethylene and, more
interestingly, 1-hexene.23b The average activities determined for
the system {ONEtNO}Zr(CH2Ph)2/B(C6F5)3 (16–62 kg hexene
per mol Zr per h) are of the same order as those observed
with {pyC(CF3)2O}2Zr(CH2Ph)2 (IIIa)/B(C6F5)3 (90 kg hex-
ene per mol Zr per h, Mn = 840 g mol
-1).6 The system
{ONCyNO}Zr(CH2Ph)2/B(C6F5)3 features much higher activities
up to 4 500 kg hexene per mol Zr per h at 50 ◦C, affording
also higher molecular weight poly(1-hexene)s (typically, Mn =
23 500 g mol-1; Mw/Mn = 1.7) with a signiﬁcant level of
isotactic enrichment (up to 74% mmmm; 84% mm). Detailed
microstructural NMRanalysis of the obtained polymers indicated
that an enantiomorphic-site control rather than chain-end control
is operative; that is, the symmetry of the active species and not the
last insertedmonomeric unit is responsible for the stereoselectivity
of the polymer.
Interestingly, the level of isotacticity in this series of ﬂu-
orinated dialkoxide-diamino zirconium complexes appears to
be related to the ease of D–K interconversion (vide supra):
Jordan’s unbridged ﬂuorinated bis(alkoxide-pyridino) catalyst
{pyC(CF3)2O}2Zr(CH2Ph)2 (III), which readily undergoes such an
interconversion, yields atactic poly(1-hexene)s;6 Catalysts derived
from {ONEtNO}Zr(CH2Ph)2 are isotactic (up to 54% mm) but
signiﬁcantly less than those derived from {ONCyNO}Zr(CH2Ph)2,
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Scheme 14 Possible isomers for octahedral group 4 metal complexes {ONRNO}MX2. Most complexes adopt a type-C structure in solution and in the
solid state.23
Scheme 15 Relationships between catalyst structure, racemization barriers and stereoselectivity in 1-hexene polymerization from {ONRNO}Zr(CH2Ph)2
precursors.
which is stereorigid on the NMR timescale at temperatures
up to 100 ◦C. Also, the later catalysts are signiﬁcantly more
regioselective, yielding poly(1-hexene)s exempt of 2,1-regiodefects.
2.4. Fluorinated dialkoxy-diamino group 3 and 13 metal
complexes for ring-opening polymerization catalysis of lactones
Similar s-bond metathesis reactions of the ethylene-bridged
pro-ligand {ONEtNO}H2 with Y(CH2SiMe3)3(THF)2 and
Y(N(SiHMe2)2)(THF)2 afforded the corresponding yttrium
compounds {ONEtNO}Y(N(SiHMe2)2)(THF) and {ON
EtNO}-
Y(CH2SiMe3)(THF) (Scheme 16).
23a The reactions were, however,
less selective than those based on group 4 metal precursors, as
formation of small amounts of unidentiﬁed side products was
observed in both cases. The isopropoxide aluminium complex
{ONEtNO}Al(OiPr) was synthesized in a straightforward way
from Al(OiPr)3 and was isolated in good yield (Scheme 16).
24
In contrast, attempts to prepare cleanly the analogous Al–Me
complex, via reaction of {ONEtNO}H2 with AlMe3, remained
unsuccessful although reaction clearly occurred, as evidenced by
vigorous methane evolution.
Single-crystal diffraction studies revealed that {ONEtNO}Al-
(OiPr) is a monomeric compound with the Al center in a
distorted trigonal bipyramidal coordination geometry; the OiPr
oxygen, N(ligand) and O(ligand) lie in equatorial positions
while O(ligand) and N(ligand) occupy the axial ones. Complex
This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 37–48 | 43
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Scheme 16 Syntheses of yttrium and aluminium complexes supported by
ﬂuorinated dialkoxy-diamino ligands.
{ONEtNO}Y(CH2SiMe3)(THF) is seven-coordinate in the solid
state, due to Y ◊ ◊ ◊F coordination to one of the four CF3
substituents. The bond distance of 2.806(2) A˚ reﬂects, how-
ever, a weak Y ◊ ◊ ◊F interaction. In agreement, the 19F NMR
chemical shifts of this compound are essentially identical to the
spectrum of related group 4 metal complexes {ONRNO}MX2
and give no indication of persistent Y ◊ ◊ ◊F coordination in
solution. Apart from this feature that induces distortion in the
octahedral coordination of the {ONEtNO}2- ligand in the solid
state, {ONEtNO}Y(CH2SiMe3)(THF) is in other ways struc-
turally similar to {ONEtNO}Zr(CH2Ph)2 and {ON
EtNO}TiCl2.
In agreement with this observation, NMR studies conducted
for {ONEtNO}Y(CH2SiMe3)(THF) indicated that this compound
adopts a C2-symmetric structure in solution analogous to those
of the latter group 4 metal complexes {ONRNO}MX2. In con-
trast, {ONEtNO}Y(N(SiHMe2)2)(THF) features a C1-symmetric
structure in solution.
Complex {ONEtNO}Al(OiPr) was found to be an effec-
tive initiator for the ring-opening polymerization (ROP) of
e-caprolactone (Scheme 17).24 High polymerization activity was
observed at room temperature in dichloromethane, with turnover
frequencies (TOFs) in the range 200–250 h-1. These activity data
compare favorably with those for the simple precursor Al(OiPr)3
andmost discrete aluminium initiators aswell, in particular related
bis(phenolate) salen- and salan-type complexes. The latter com-
pounds are usually reported to be active from 50 ◦C and/or afford
TOFs one order of magnitude lower than {ONEtNO}Al(OiPr) at
Scheme 17 Controlled ring-opening polymerization of e-caprolactone
promoted by {ONEtNO}Al(OiPr)
room temperature. We hypothesized that the high polymerization
activity and productivity afforded by this compound reﬂects a
high electrophilicity/Lewis acidity of the metal center, although
these properties were not independently assessed. Close agreement
of the experimental molecular weights with calculated values and
narrow molecular weight distributions indicated a good overall
control over the polymerization. The productivity of the system
and the controlled character of the polymerizations initiated by
{ONEtNO}Al(OiPr) were further evidenced by the sequential
polymerization of 350 + 650 equivalents of caprolactone, for
which complete conversion was observed together with minor
broadening of the molecular weight distribution between the two
stages.
2.5. Fluorinated (di)alkoxy-(di)imino group 4 metal complexes
More recently, we gained interest in a class of bidentate and
tetradentate ﬂuorinated (di)alkoxide-(di)imino ligands, which are
structurally reminiscent to phenoxy-imine25,26 and aryloxide-
bearing salen27 ligands, respectively. The latter classes of ligands
are nowadays ubiquitous in ﬁne chemicals and oleﬁn polymeriza-
tion catalyses.
b-Hydroxy-b-bis(triﬂuoromethyl)imine {O=NR1,R2}H (R1 =
Me, Ph; R2 = Ph, CH2Ph) and di(b-hydroxy-b-bis(triﬂuoro-
methyl))diimine {O=NEtN=O}H2 pro-ligands were prepared
via a simple two-step approach:15 First, b-hydroxy-b-
bis(triﬂuoromethyl)ketones were obtained by a catalyst-free aldol
reaction between liquid hexaﬂuoroacetone sesquihydrate and
ketones (acetone, acetophenone, pinacolone); then, condensation
of the latter ﬂuorinated b-ketols with primary mono- or diamines
was achieved in the presence of Lewis (montmorillonite, InBr3,
La(OTf)3) or Brønsted (PTSA) acid catalysts.
The coordination chemistry of these ﬂuorinated (di)alkoxide-
(di)imino ligands onto Ti(IV), Zr(IV) and Hf(IV) centers was
explored, following similar synthetic strategies than those used
with diamino-diols (see section 2.3.). We thus readily prepared
a variety of discrete complexes of the type {O=NR1,R2}2ZrCl2
(R1 = Me, Ph; R2 = Ph, C6F5), {O=N
R1,R2}2Ti(OiPr)2,
{O=NR1,R2}2M(CH2Ph)2 (M = Zr, Hf), {O=N
EtN=O}TiCl2, and
{O=NEtN=O}Zr(CH2Ph)2 (Scheme 18).
28 X-Raydiffraction stud-
ies revealed that those complexes are all mononuclear in the solid
Scheme 18 Group 4 metal complexes supported by ﬂuorinated
dialkoxy-diimino ligands.
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state. They adopt either C1- or mostly C2v-symmetric, distorted
octahedral structures with planar coordination of the (di)imino-
di(alkoxide) ligands. Multinuclear NMR studies indicated that
most of the complexes also adopt a C2v-symmetric structure in
solution. Overall, the properties of complexes {O=NEtN=O}MX2
based on tetradentate ligands appeared quite similar to those of
their analogues {ONEtNO}MX2 based on ﬂuorinated tetradentate
dialkoxy-diamino ligands;23 an exception is the very low solubility
of zirconium dichloride complexes.
Another but more relevant peculiarity we noticed in this series
is the thermal instability of dibenzyl-zirconium and -hafnium
complexes based on bidentate ligands, {O=NR1,R2}2M(CH2Ph)2.
The latter compounds decompose rapidly above -30 ◦C by
abstraction of an hydrogen from the methylene ligand back-
bone by a benzyl group, to give complexes of the type
M(CH2Ph){ON
R1,R2}{ON-R1,R2}, in which a ligand unit has
been transformed to an a,b-unsaturated amido-alkoxy dian-
ionic moiety (i.e. {ON-R1,R2}2-) (Scheme 19). The pentaﬂuo-
rophenyl system {O=NMe,ArF}2Zr(CH2Ph)2 (ArF = C6F5) de-
composed also by hydrogen abstraction but via a slightly dif-
ferent process, which presumably involved preliminary ligand
redistribution and ultimately yielded the benzyl-free complex
Zr{O=NMe,ArF}2{ON
-Me,ArF} (Scheme 20). The exact nature—
radical, concerted or nucleophilic—of this decomposition path-
way still remains obscure. Interestingly, it did not affect the
dibenzyl complex based on a tetradentate ligand such as
{O=NEtN=O}Zr(CH2Ph)2.
Some of the compounds based on bidentate ligands‡ were
evaluated in oleﬁn polymerization catalysis; however, disap-
pointing performances were observed.28 In fact, when activated
‡ That is, those susceptible to generation of a vacant site cis to an active
alkyl group, which is mandatory for oleﬁn insertion and polymerization
activity. The planar coordination of tetradentate ligands {O=NEtN=O}2-
shall give only axial (trans) sites, which does not allow insertion and
polymerization, as observed with salen-type systems.
by MAO, {O=NR1,R2}2ZrCl2 and {O=N
R1,R2}2Ti(OiPr)2 lead to
active ethylene polymerization catalysts that afford very high
molecular weight linear polyethylenes. However, these systems
are very unstable and deactivate over a 0.1–10 min time period.
Based on the aforementioned observation of hydrogen abstraction
by a benzyl group in neutral {O=NR1,R2}2Zr(CH2Ph)2 species,
we proposed that a similar process may take place in related
cationic species [generated by the action of MAO] (Scheme 21).
Hydrogen abstraction from the ligand backbone by the growing
polyethylenyl chain would eventually result in the formation of
an alkyl-free, and thus inactive species. In order to prevent this
deactivation phenomenon, ligands having gem-dimethyl groups
on the backbone have been developed; however, their coordination
onto group 4 metal centers could not be achieved selectively, in
contrast to aluminium (vide infra).
Scheme 21 Proposed decomposition pathway of active polymerization
species derived from group 4 metal {O=NR1,R2}2MX2 precursors.
2.6. Fluorinated dialkoxy-diimino group 3 and 13 metal
complexes for lactones ring-opening polymerization catalysis
Fluorinated dialkoxy-diimino ligands were also used to support
trivalent Al(III), Y(III) and La(III) metal centers. A series of
aluminium complexes was prepared in high yields via alkane or al-
cohol elimination reactions from diimino-diols {O=NEtN=O}H2
and {O=NCyN=O}H2 and AlMe3, AlMe2Cl or Al(OiPr)3
Scheme 19 Synthesis and decomposition of dibenzyl zirconium and hafnium complexes based on bidentate ﬂuorinated alkoxy-imino ligands.
Scheme 20 Decomposition of {O=NMe,ArF}2Zr(CH2Ph)2 complex with a putative intermediate.
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(Scheme 22).29 The obtained complexes {O=NEtN=O}AlX (X =
Me, Cl, OiPr), {O=NCyN=O}AlX (X = Me, Cl, OiPr), and
{MeO=NEtN=O}AlX (X = Me, Cl) [the latter one is based on
a gem-dimethylated ligand] all feature a mononuclear structure
in the solid state, with distorted trigonal bipyramidal to square
pyramidal geometries. Metrical data, i.e. Al–O, Al–N, Al–X
bond distances and the corresponding bond angles, in those
compounds compare well with those in Al–Salen complexes;27f
this highlights the obvious similarity of these ﬂuorinated dialkoxy-
diimino ligands with salen ligands. However, the replacement of
rigid phenolate rings in salen ligands by sp3-hybridized alkoxide
groups in the ﬂuorinated ligands results in larger ﬂexibility, which
likely accounts for the observed distorted geometries [Al–Salen
complexes usually adopt a slightly distorted square pyramidal
geometry].27e 1H, 13C and 19F NMR studies indicated that most
of these complexes exist as a single symmetric isomer in CD2Cl2
solution.Only for complexes based on the bulky gem-dimethylated
ligand, {MeO=NEtN=O}AlX (X = Me, Cl), mixtures of two
isomers (one symmetric, one dissymmetric) were observed.
Scheme 22 Aluminium complexes supported by tetradentate ﬂuorinated
dialkoxy-diimino ligands.
The preparation of yttrium and lanthanum complexes
derived from the diimino-diol {O=NEtN=O}H2 was
similarly conducted.30 Amine elimination reactions from
La(N(SiHMe2)2)3·(THF)2 or La(N(SiMe3)2)3 systematically
yielded the “homoleptic” complex {O=NEtN=O}La-
{O=NEtN=OH}. The large ionic radius of La(III) probably
accounts for the instability of the putative intermediate
heteroleptic amido species. On the other hand, the yttrium–
amido complex {O=NEtN=O}Y(N(SiHMe2)2)(THF) proved
to be somewhat more stable and could be in turn transformed
upon reaction with 1 equivalent of (R)-tert-butyl lactate to
give selectively [{O=NEtN=O}Y((R)-tBu-lactate)]2 (Scheme 23).
The latter compound, a rare example of a rare earth lactate
complex,31 is dinuclear in the solid state, with bridging
Scheme 23 Synthesis of rare earth metal complexes supported by
tetradentate ﬂuorinated dialkoxy-diimino ligands.
m,k2-O,O,O-lactate units and tetracoordinated
{O=NEtN=O} units. NMR studies conﬁrmed that this geometry
is retained in THF solution.
This yttrium–lactate complex is an effective initiator for the
controlled “living” ring-opening polymerization of rac-lactide and
rac-b-butyrolactone under mild conditions (room temperature)
(Scheme 24).30 This catalyst offers atactic polymers with high
molecular weights that match the calculated values well, and
relatively narrow polydispersities (Mw/Mn = 1.06–1.60). The
overall performance in terms of control over themolecular weights
of the polymers and molecular weight distributions compare
well those of related alkoxide Y(III) complexes supported by
bis(phenolate)-type ligands having additional donor atoms (N,
O, S).31,32 Its catalytic activity appears, however, somewhat lower
than with these bis(phenolate)–yttrium alkoxide complexes. We
assumed that this might reﬂect the lower nucleophilicity of the
lactate unit, possibly as an indirect inﬂuence of the strong electron-
withdrawing of the ﬂuorinated dialkoxide-diimino ligand.
Isopropoxide complexes {O=NRN=O}AlOiPr (R = ethylenyl,
1,2-cyclohexenyl) are also effective initiators for the ROP of
e-caprolactone and rac-lactide, in solution or in the melted
monomer.29 These catalysts provide PCL and PLA polymers
with high molecular weights, in good agreement with calculated
values, and relatively narrow polydispersities (Mw/Mn = 1.08–
1.91) (Scheme 25). These data are indicative of a single-site,
living-type behavior. The ﬁrst interesting feature of these systems
is the observed high dependence of activities in the ROP of
lactide with the nature of substituents on the ligand backbone.
In fact, much higher activities were obtained with the ethylene-
bridged system (TOFs up to 1260 h-1 at 120 ◦C), while the
cyclohexylene-bridged system is signiﬁcantly less active (TOFs of
2–3 h-1 at 130 ◦C and up to 1000 h-1 at 170 ◦C). Another most
46 | Dalton Trans., 2010, 39, 37–48 This journal is © The Royal Society of Chemistry 2010
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Scheme 24 Ring-opening polymerization of racemic lactide and b-butyrolactone to produce atactic polymers.
Scheme 25 Stereoselective ring-opening polymerization of racemic lac-
tide with {O=NRN=O}AlOiPr complexes.
interesting feature is the signiﬁcant level of isotacticity induced in
the ROP of rac-lactide: The PLAs produced, under slurry or melt
conditions, with either achiral complex {O=NEtN=O}AlOiPr or
chiral complex {O=NCyN=O}AlOiPr, have a highly isotactic-
enriched stereoblock microstructure (Pmeso = 0.87).
33
2.7. Mixed fluorinated alkoxy-phenoxy-diimino group 3 and 13
metal complexes for ring-opening polymerization catalysis of
lactones
We have recently developed an effective entry towards an
unusual mixed ﬂuorinated alkoxy/phenoxy Schiff base lig-
and ({ArO=NCyN=OCF3}2-).34 Such a ligand effectively sup-
ports Al(III) and Y(III) metal centers, leading via the same
aforementioned synthetic procedures to discrete mononu-
clear complexes {ArO=NCyN=OCF3}AlX (X = Cl, OiPr)
and {ArO=NCyN=OCF3}Y(N(SiHMe2)2)(THF) in high yields
(Scheme 26). Those aluminium and yttrium complexes are
mononuclear in the solid state with ﬁve-coordinated distorted
square pyramidal and six-coordinated distorted octahedral ge-
ometries, respectively. The amount of distortion towards a
Scheme 26 Synthesis of yttrium and aluminium complexes supported by
a tetradentate mixed ﬂuorinated alkoxy-phenoxy-diimino ligand.
trigonal bipyramidal (tbp) geometry in {ArO=NCyN=OCF3}AlCl
(t = 0.1235) is signiﬁcantly lower than that observed for
{O=NRN=O}AlX complexes based on symmetric ﬂuorinated
dialkoxy-diimino ligands (t = 0.42–0.85). Obviously, the replace-
ment of a sp3-hybridized bis(triﬂuoromethyl)alkoxy group in the
latter complexes by a phenolate moiety conjugated with the imino
function in {ArO=NCyN=OCF3}AlCl induces a more rigid ligand
backbone and, as a result, the geometry around the metal center
changes from tbp to sqp. Note that both aluminium and yttrium
complexes exist as a single isomer in benzene solution at room
temperature, as evidenced by NMR studies.
The performances of these complexes were evaluated in the
ROP of rac-lactide. The yttrium–amido complex is active at room
temperature, but the recovered PLAs were atactic and showed
relatively broad molecular weight distributions. This was assumed
to reﬂect, at least in part, the poor initiation efﬁciency of the amido
group; metal–amides are actually known to be less nucleophilic
than other initiating groups such as alkoxides.32 The aluminium
isopropoxide complex {ArO=NCyN=OCF3}AlOiPr complex is an
effective initiator, showing activities similar to those observed
with {O=NCyN=O}Al(OiPr) that bears a symmetric ﬂuorinated
dialkoxy-diimino ligand. The PLAs recovered had quite narrow
polydispersities with experimentalMn values thatmatchwell those
calculated for a living polymerization. These reactions led to the
formation of signiﬁcantly isotactic-enriched stereoblock PLAs
(Pmeso = 0.87), which are essentially similar to those observed with
{O=NCyN=O}Al(OiPr) (vide supra).
3. Concluding remarks
Fluorinated alkoxy-amino and alkoxy-imino ligands have been
known for about 25 years. It is worth mentioning that since they
were ﬁrst produced by template synthesis, early work immediately
pointed at their pertinence for coordination chemistry. This
interest was rapidly recognized and successfully exploited for
materials precursors, thanks to the stability and relative volatility
that those classes of ligands confer to related metal complexes.
The use of such ligands to develop well-deﬁned, discrete
complexes for single-site catalysis will obviously require much
more expansion before reachingmaturity. Our preliminary investi-
gations summarized in this review, as well as more recent works on
Zn complexes,36 conﬁrmed that ubiquitous phenoxy (phenolate)
ligands can be, in principle, easily substituted by OC(CF3)2CR2-
type moieties. In particular, analogues of the salen ligands can be
accessed and offer new opportunities to tune this fantastic class of
Schiff base ligands, to further improve performances and expand
reactions scope, e.g. in asymmetric catalysis. In this regard, the
latest mixed ﬂuorinated alkoxy/phenolate ligand platforms may
hold good promise, by offering the possibility to sterically and
This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 37–48 | 47
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electronically differentiated coordination sites at a variety of metal
centers.
Note added in proof
Quite recently, Kol et al. reported on the synthesis of a chiral
tetradentate dianionic ﬂuorinated diolate-diamine ligand assem-
bled around 2,2’-bipyrrolidine.37 This ligand wraps diastereose-
lectively in a fac-fac helical mode around octahedral titanium
and zirconium centers, giving chiral-at-metal complexes as (enan-
tiomerically pure) single diastereomers.
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